We report a strategy for realizing tunable electrical conductivity in metal-organic frameworks (MOFs) in which the nanopores are infiltrated with redox-active, conjugated guest molecules. This approach is demonstrated using thin-film devices of the MOF Cu 3 (BTC) 2 (also known as HKUST-1; BTC, benzene-1,3,5-tricarboxylic acid) infiltrated with the molecule 7, 7, 8, . Tunable, air-stable electrical conductivity over six orders of magnitude is achieved, with values as high as 7 siemens per meter. Spectroscopic data and first-principles modeling suggest that the conductivity arises from TCNQ guest molecules bridging the binuclear copper paddlewheels in the framework, leading to strong electronic coupling between the dimeric Cu subunits. These ohmically conducting porous MOFs could have applications in conformal electronic devices, reconfigurable electronics, and sensors.
M
etal-organic frameworks [MOFs (1) (2) (3) ] are crystalline materials with a nanoporous, supramolecular structure consisting of metal ions connected by multitopic organic ligands. These materials are typically poor electrical conductors because of the insulating character of the organic ligands and poor overlap between their p orbitals and the d orbitals of the metal ions. Combining the crystalline order of MOFs with an ability to conduct electrical charge has the potential to create a new class of materials that would enable applications such as conformal electronic devices, reconfigurable electronics, and sensors. Although strategies to engineer electrically conducting MOFs have been proposed (e.g., the use of second-or third-row transition metals, redox-active linkers, and hetero-bimetallic structures), few of these approaches have been realized (4) . Until recently, only one example of an intrinsically conducting framework with permanent porosity was known: a p-type semiconducting MOF in which conductivity occurs via a redox mechanism (5) . Very recently, Gándara et al. described a series of metal triazolate MOFs, one of which exhibits ohmic conductivity (6) . The mechanism of conductivity in that case is not known, but it appears to be highly specific to the presence of Fe(II) in the structure, as MOFs in this series with the same structure but different divalent metals are not conducting.
An alternative approach is to use the MOF pores themselves as a venue for modulating the electrical transport properties. We reasoned that infiltrating MOFs having open metal sites with molecules capable of charge transfer that can coordinate to these sites would create a mechanism for carrier mobility. Binuclear Cu(II) paddlewheel MOF structures such as Cu 3 (BTC) 2 (7) (also known as HKUST-1; BTC, benzene-1,3,5-tricarboxylic acid) are attractive candidates for testing this strategy. The coordination positions located on opposite ends of the Cu(II) axis of the paddlewheelwhich are occupied by solvent (often water) in the as-synthesized material-can be exchanged with redox-active molecules such as TCNQ. Moreover, electron paramagnetic resonance (EPR) spectra suggest a somewhat delocalized electronic structure enabled by additional spin exchange among the copper dimers, which results from the carboxylates interconnecting the paddlewheel subunits (8) .
Here, we describe the realization of this strategy using a thin-film device comprising Cu 3 (BTC) 2 (7) grown on electrodes and demonstrate control of ohmic electrical conductivity over six orders of magnitude. Silicon wafers covered with 100 nm of SiO 2 were prepatterned with Pt pads 100 nm thick (dimensions 800 mm by 400 mm) and gaps of 100 mm, 150 mm, and 200 mm. Cu 3 (BTC) 2 films with nominal thickness of 100 nm were grown on the wafers from the liquid phase, as described (9) . Grazing incidence x-ray diffraction (XRD) measurements and scanning electron microscopy (SEM) imaging (Fig. 1, B and C) indicate a polycrystalline Cu 3 (BTC) 2 ·xH 2 O film with preferred orientation along the (111) direction (10) . Current-voltage (I-V) characteristics obtained on as-grown thin-film devices in air ( Fig. 2A) exhibited very low conductivity (~10 −6 S/m), consistent with the expected insulating nature of Cu 3 (BTC) 2 .
The as-grown films were infiltrated with TCNQ by first heating in vacuum at 190°C for 30 min to remove coordinated water molecules, then immediately transferring them to a saturated TCNQ/CH 2 Cl 2 solution. I-V curves for four such devices after 72 hours of exposure to the TCNQ solution are shown in Fig. 2A (11) . The infiltration led to marked increases in current, with a linear I-V curve and conductivity of 7 S/m, six orders of magnitude greater than that of the uninfiltrated device. Measurements as a function of channel length (Fig. 2B ) revealed a monotonic increase in resistance with increasing electrode separation. The TCNQ-infiltrated devices were stable in ambient atmosphere up to at least 40 days (Fig. 2C) . The conductivity increased with temperature (Fig. 2, D and E) , following a thermally activated relation s~exp(E a /T) with a low activation energy E a = 41 T 1 meV, similar to values reported for high-mobility organic polymeric semiconductors such as poly-3-hexylthiophene (P3HT) (12) .
In contrast to nonporous conducting coordination polymers such as CuTCNQ (12) (13) (14) (15) , we could tune the device conductivity by changing the TCNQ exposure time. As seen in Fig. 2F , conductivity variation over several orders of magnitude was achievable. Furthermore, the increase in conductivity could be described by classic percolation theory (black solid line) (16) , which suggests that TCNQ forms localized conducting regions rather than acting as a dopant.
Chemical and physical characterization of MOF films and powders exposed to TCNQ confirmed that TCNQ resides in the MOF pores without altering the MOF crystal structure. Powder XRD patterns of as-synthesized Cu 3 (BTC) 2 S1 ). Upon exposure to TCNQ, the color of the crystals changed to teal, indicating a perturbation of the MOF electronic structure. The color of TCNQ@Cu 3 (BTC) 2 did not change upon exposure to air ( fig. S1 ), which suggests that TCNQ is not displaced by atmospheric water vapor; XPS also showed a substantially lower oxygen concentration in the infiltrated specimen ( fig. S3 ) consistent with reduced water occupation of the pores. In contrast, the color of the activated MOF before TCNQ infiltration reverted almost instantly to that of the assynthesized (hydrated) material when exposed to atmospheric moisture.
The realization of these hybrid electronic materials raised questions concerning the nature of the TCNQ-MOF interaction and the mechanism of charge transport. We probed the TCNQ-MOF interaction in several ways. Ultraviolet-visible (UV-vis) spectra were collected from films of the uninfiltrated Cu 3 (BTC) 2 ·xH 2 O, TCNQ@Cu 3 (BTC) 2 , and TCNQ in dilute solution. The absorption spectrum of the TCNQ@Cu 3 (BTC) 2 film (Fig. 3A) exhibited the expected MOF peak at 340 nm, a peak at 410 nm associated with neutral TCNQ (18) , and broad new absorption bands centered at~700 nm and~850 nm that were absent in both Cu 3 (BTC) 2 ·xH 2 O and TCNQ in CH 2 Cl 2 . These additional bands are well-known signatures for charge transfer (13, 19) . Note that reacting either copper acetate or copper sulfate with TCNQ in methanol generated no precipitates or new absorption bands, indicating that confinement in the MOF pore is essential to the formation of a charge transfer complex between Cu(II) and TCNQ.
TCNQ complexes have been characterized extensively by vibrational spectroscopies, where the frequencies of C=C and C≡N stretching modes are particularly sensitive to the extent of charge transfer (13, 20, 21) . Raman spectra of TCNQ@Cu 3 (BTC) 2 ( Fig. 3B) -between the framework and TCNQ (20) . The nitrile stretch at 2229 cm -1 is split into two peaks at 2226 cm -1 and 2213 cm -1
( Fig. 3B, inset) indicating two non-equivalent C≡N bonding environments, in close agreement with our calculated vibration spectra (11) . Infrared spectra (Fig. 3C ) also show that the C≡N stretch of TCNQ is affected by adsorption into the framework, with a shift from 2223 cm -1 to 2204 cm (t -0.5) 2 , where t is exposure time.
www.sciencemag.org SCIENCE VOL 343 3 JANUARY 2014 the framework and TCNQ, in reasonable agreement with the value inferred from the Raman spectra. The observation of partial charge transfer is further supported by room-temperature EPR spectra obtained from TCNQ@Cu 3 (BTC) 2 (Fig.  3D) , which display no evidence of TCNQ radical anions (22) . Partial charge transfer is characteristic of many conducting TCNQ salts; however, in contrast to the well-studied CuTCNQ, in which Cu(+1) predominates, Cu in Cu 3 (BTC) 2 remains in a +2 state after infiltration, as revealed by XPS ( fig. S4) .
The importance of guest-host interactions was further probed by replacing TCNQ with its fully hydrogenated counterpart, H4-TCNQ [cyclohexane-1,4-diylidene)dimalononitrile], which lacks a conjugated p electron network, and F4-TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane), which has a similar HOMO-LUMO (highest occupied molecular orbital-lowest unoccupied molecular orbital) gap but higher electron affinity relative to TCNQ. Elemental analysis indicates that the loading of H4-TCNQ is similar to that of TCNQ (i.e., about 1 H4-TCNQ molecule per pore). The I-V curve ( Fig. 2A) for H4-TCNQ@Cu 3 (BTC) 2 is essentially the same as that of the uninfiltrated, nonconducting MOF. The UV-vis spectrum also lacks the characteristic bands indicative of charge transfer in TCNQ@Cu 3 (BTC) 2 (Fig. 3A) . These results illustrate that the availability of guest molecule orbitals that can accept charge, as is the case in TCNQ but not H4-TCNQ, is important for achieving high conductivity. F4-TCNQ@Cu 3 (BTC) 2 is not as conductive as TCNQ@Cu 3 (BTC) 2 . We view this result as semiquantitative, however, because F4-TCNQ is volatile, and unlike TCNQ@Cu 3 (BTC) 2 , the conductivity was not stable with time. Nonetheless, the lower conductivity measured immediately after infiltration suggests that the high electron affinity of this molecule inhibits electron mobility.
Finally, ab initio calculations suggest a possible mechanism for the appearance of conductance in TCNQ@Cu 3 (BTC) 2 hybrids. As illustrated in Fig. 3E , the calculations predict that TCNQ binds strongly to the MOF (binding energy of 83.9 kJ/mol) and that four such molecules create a continuous path through the unit cell ( Fig. 3F and movie S1 ). Our calculations for molecular clusters comprising two copper dimer groups (MOF secondary building units) bridged by a TCNQ molecule show that the bridging TCNQ inserts unoccupied molecular orbitals into the MOF HOMO-LUMO gap ( fig.  S5 ), producing the new charge transfer band in the visible spectrum and enabling electronic coupling between the MOF and TCNQ. Moreover, computed values of H AB , the electronic coupling matrix element for electron transfer from the MOF cluster to TCNQ [i.e., TCNQ@Cu 3 (BTC) 2 -→ TCNQ -@Cu 3 (BTC) 2 ], combined with the value of the activation energy obtained from the temperature dependence of the conductivity, allow us to evaluate the extent of donor-acceptor coupling using the quantity 2H AB /l (where l is the reorganization parameter) defined by Brunschwig et al. (19) . We find 2H AB /l = 1.21 for TCNQ@ Cu 3 (BTC) 2 , identifying this material as a class III system according to the Robin-Day classification scheme (19) . These calculations also predict that electronic coupling in F4-TCNQ@Cu 3 (BTC) 2 is intermediate between H4-TCNQ and TCNQ itself. The order of H AB values is H4-TCNQ < F4-TCNQ < TCNQ (0.19 eV < 1.03 eV < 2.32 eV) -a trend that is consistent with the observed conductivities. The Y chromosome is thought to be important for male reproduction. We have previously shown that, with the use of assisted reproduction, live offspring can be obtained from mice lacking the entire Y chromosome long arm. Here, we demonstrate that live mouse progeny can also be generated by using germ cells from males with the Y chromosome contribution limited to only two genes, the testis determinant factor Sry and the spermatogonial proliferation factor Eif2s3y. Sry is believed to function primarily in sex determination during fetal life. Eif2s3y may be the only Y chromosome gene required to drive mouse spermatogenesis, allowing formation of haploid germ cells that are functional in assisted reproduction. Our findings are relevant, but not directly translatable, to human male infertility cases.
T he mammalian Y chromosome, once thought to be a genetic wasteland (1) , is now known to encode a battery of genes, many of which are thought to be involved in male reproduction (2) . A substantial amount of work has been done to define which genes are important for maintaining sperm function under normal, in vivo, conditions. In the era of assisted reproduction technologies (ART), it is now possible to bypass several steps of normal human fertilization using immotile, nonviable, or even immature sperm. We have shown that infertile male mice lacking the entire Y chromosome long arm can generate live offspring when their severely morphologically abnormal sperm are delivered into oocytes via intracytoplasmic sperm injection (ICSI) (3). In these mice, the Y chromosome is reduced from 78 Mb to~2 Mb and encodes only seven genes and three gene families (XY* X Sxr a in fig. S1 ). In most mammals, including humans and mice, testis determination is regulated by Sry, which directs developing gonads to male differentiation (4) (5) (6) . Upon transgenic addition of Sry, mice with one X chromosome (XOSry) develop testes that are populated with spermatogonia, male germ cells that have the potential to undergo differentiation and initiate spermatogenesis. In the absence of other Y chromosome genes, these spermatogonia undergo proliferation arrest, and the meiotic and postmeiotic stages of spermatogenesis are absent (7) . Transgenic addition of individual missing Y genes led to the identification of Eif2s3y as the gene that restored normal spermatogonial proliferation (7) . In XOSry males transgenic for Eif2s3y, spermatogenesis was shown to complete meiotic prophase and the first meiotic division before the cells arrested as secondary spermatocytes, with the occasional production of spermatid-like cells (7, 8) . Here, we tested whether these spermatid-like cells were functional in assisted reproduction and what other components of the Y chromosome help to increase development of functional gametes.
We first examined mice with the Y gene complement limited to two transgenically derived genes, autosomally located Sry and X chromosome located Eif2s3y (X E OSry in fig. S1 ) (9) . These mice had testes smaller than wild-type XY males ( fig. S2 ) but populated with germ cells. Analysis of testicular sections confirmed that spermatogenesis was ongoing, which allowed development of germ cells with spermatid-like morphology (Fig. 1A, arrowheads) , similar to those observed earlier (7, 10) . The occurrence of these spermatids was low, and their development was restricted to steps 5 to 7 of spermatid development, with the occasional presence of step 8 to 9 spermatids [ Fig. 1A (inset) and fig. S3 ]. We also observed secondary changes to seminiferous tubules, with increased incidence of dying cells, multinucleate bodies, and vacuoles (Fig. 1B) . These changes increased progressively as the males aged and ultimately led to Sertoli-cell-only (SCO) syndrome tubules (Fig. 1C) .
We next tested the function of the spermatidlike cells from X E OSry in assisted reproduction. Round, spermatid-like cells could be found in testicular cell suspensions from all males used in ART trials, although these cells were rare and their morphology was often slightly abnormal (increased size, less pronounced nuclei, and rough rather than smooth surface) when compared with spermatids from control XY males (Fig. 1, D and  E) . Nevertheless, when we performed round spermatid injection (ROSI), the oocytes were successfully fertilized, as evidenced by the development of two pronuclei and extrusion of the second polar body, as well as subsequent cleavage ( fig. S4) . When the developed two-cell embryos were transferred into the oviducts of recipient females, live offspring were obtained (Table 1 and Fig. 1F ). Three out of four males that provided spermatids for injections successfully sired offspring. The efficiency of ROSI with X E OSry males was significantly lower than with XY controls (9% versus 26%) ( Table 1 ). All the progeny had the genotypes as expected when derived from X E OSry fathers and were healthy; those bred were fertile (Fig. 1G, fig. S5, and supplementary text) .
An unpaired sex chromosome leads to meiotic arrest and apoptosis (11) , so partial meiotic failure in X E OSry males was not unexpected. The few spermatids that could be found in the testes could be the cells that "leaked" through the meiotic arrest, i.e., finished meiosis and were haploid. Alternatively, these could be the cells that developed spermatid-like morphology without undergoing the second meiotic division (8, 10). 
